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ABSTRACT
Power amplifier design is an important topic in communication systems. Improving the efficiency of a power amplifier has long
been a key interest to RF designers. In this paper, a 10 W GaN HEMT power amplifier is designed based on Hidden Markov
Model optimized by Particle Swarm Optimization. The widths and lengths of the microstrip lines at the input and output of the
matching networks in the proposed power amplifier are modelled using the Hidden Markov Model. For training the parameters
of the Hidden Markov Model, the Particle Swarm Optimization algorithm is used. The power amplifier utilizes a 10 W GaN
HEMT transistor (model CG2H40010F from Cree Corporation) and operates over a bandwidth of 2.5–3 GHz. At 2.98 GHz, the
power amplifier achieves an output power of 39.3 dBm, a power-added efficiency of 63.2%, and a gain of 15.3 dB. Across the
entire bandwidth, it maintains output power above 38.18 dBm and gain above 14.2 dB, with power-added efficiency exceeding
50% between 2.8 and 3 GHz. These results highlight the effectiveness of the HMM-PSO approach in enhancing the performance
of the proposed GaN HEMT power amplifier.

1 Introduction

Power amplifiers (PAs) are found in the final stage of the RF
transmitter chain [1]. As the input signal is large, the type of
structure of a PA can have a significant effect on the overall
efficiency of the transmitter [1, 2]. Therefore, numerous efforts
are made to ensure that the structure of a power amplifier has the
best match, thereby achieving its optimal efficiency.

Optimizing a PA is an important issue for improving its efficiency.
There are several conventional techniques such as switching
power amplifiers and Doherty power amplifiers [3], the envelope
tracking (ET) [4] and the outphasing technique [5] for obtaining

acceptable parameters from a PA. In recent years, innovative and
evolutionary algorithms for optimizing the discrete PA (DPA) and
monolithic microwave integrated circuits (MMIC) have also been
developed. As the power amplifier design is faced with several
conflicting parameters such as efficiency, linearity and output
power, multi-objective optimization can help achieve acceptable
results from a PA [6].

So far, several optimization algorithms have been proposed for
PA optimization. The inclined planes system optimization (IPO)
algorithmwas presented for the design of a discrete power ampli-
fier in [7]. Particle swarm optimization (PSO) was used for the
optimization of several PAs in [8–11]. Also in [12], a combination
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of artificial bee colony (ABC) and PSO algorithms were applied
by Bipin and Rao for the linearization of a PA. A nonlinear
programming technique was applied for the optimization of a
PA in [13]. Bayesian optimization and automated deep neural
learning were studied for improving the efficiency and gain in
[14] and [15] over the frequency range of 1.5–2.5 GHz and 1.8–
2.2 GHz, respectively. Also, simulated annealing with particle
swarm optimization for high-efficiency power amplifier design
was worked in [11].

In this paper, the hidden Markov model (HMM) is used for
modelling the PA. For training the parameters of HMM, the PSO
algorithm is applied. The PSO algorithm is a robust algorithm
that was introduced by Kennedy and Eberhart in 1995 [16].
In the proposed approach, the widths and lengths of micro-
strips are modelled by HMM optimized by the PSO algorithm
so that the best match for amplifiers can be obtained. The rest
of the paper is organized as follows: Section 2 introduces the
proposed algorithm, which includes Section 2.1 for describing
HMMmodelling and Section 2.2 for describing PSO optimization.
The results are presented in Section 3, and the conclusion is
drawn in Section 4.

2 Proposed Algorithm

In this section, PA modelling with HMM and optimizing its
parameters with the PSO algorithm are described. Initially, we
should obtain a model for PA.

2.1 PAModelling with HMM

The parameters of the proposed PA for optimization are the
widths and lengths of themicrostrip lines in the input and output
of the matching networks. Figure 1 shows the schematic of the
proposed structure of PA, which is modelled and optimized using
HMM and PSO.

As seen in Figure 1, there are 9 microstrip lines in the input
matching network and 9 microstrip lines in the output matching
network. 𝑅𝑆 and 𝐶𝑆 , which are parallel resistor and capacitor
located on the gate side, are chosen in such a way that stability
is guaranteed at all frequencies. Also, to provide more stability of
PA in Figure 1, the two first microstrip lines from the gate side,
whose widths and lengths are specified by𝑊𝑔1

, 𝐿𝑔1 ,𝑊𝑔2
, 𝐿𝑔2 and

the two first microstrip lines from the drain side, whose widths
and lengths are specified by 𝑊𝑑1

, 𝐿𝑑1 ,𝑊𝑑2
, 𝐿𝑑2 , are chosen and

fixed. Other widths and lengths of the microstrip lines in the
proposed PA, should be optimized by the optimization algorithm.
So, the vectors of 𝑆𝑖, 𝑆𝑜 and 𝑆 can be realized by the following
equations.

𝑆𝑖(1−7) =
[
𝑊𝑖1

, 𝐿𝑖1 ,𝑊𝑖2
, 𝐿𝑖2 ,𝑊𝑖3

, 𝐿𝑖3 ,𝑊𝑖4
, 𝐿𝑖4 ,𝑊𝑖5

,

𝐿𝑖5 ,𝑊𝑖6
, 𝐿𝑖6 ,𝑊𝑖7

, 𝐿𝑖7
]

(1)

𝑆𝑜(1−7) =
[
𝑊𝑜1

, 𝐿𝑜1 ,𝑊𝑜2
, 𝐿𝑜2 ,𝑊𝑜3

, 𝐿𝑜3 ,𝑊𝑜4
, 𝐿𝑜4 ,

𝑊𝑜5
, 𝐿𝑜5 ,𝑊𝑜6

, 𝐿𝑜6 ,𝑊𝑜7
, 𝐿𝑜7

]
(2)

𝑆 =
[
𝑆𝑖(1−7), 𝑆𝑜(1−7)

]
(3)

Where in Equations (1) and (2), 𝑆𝑖 and 𝑆𝑜 are the widths and
lengths of the 7 microstrip lines in the input and the output
of matching networks, respectively. Equation (3) shows that the
vectors of 𝑆𝑖 and 𝑆𝑜 are merged into the vector of 𝑆. Therefore, 𝑆
is a vector of 28 parameters that the proposed algorithm should
optimize.

Each HMM can be shown with a triple parameter of λ = (A,B,π)
that specifies the overall specification of themodel [17, 18].A is the
transition, B is the emission and π is the initial matrix. Figure 2
shows a simple structure of HMM.

In Figure 2, HMM consists of two hidden states (H1,H2) and three
observable states (O1,O2,O3). As seen in Figure 2, each hidden
state can emit three observable states. In HMM, the probability
of transitioning from one hidden state to another is specified by
the transition probability, and the emission probability specifies
the probability of emitting an observable state fromahidden state.
In Figure 2, the transition probabilities and emission probabilities
are represented by dotted lines and solid lines, respectively.

Assuming thatHMMconsists of nhidden states andm observable
states, transition, emission and initial probabilities can be stated
by the following equations [17].

𝑎𝑖𝑗 = 𝑃
(
𝜋𝑗 (𝑡 + 1) |𝜋𝑖 (𝑡)

)
1 < 𝑖, 𝑗 < 𝑛 (4)

𝑏𝑗𝑘 = 𝑃
(
𝑣𝑘 (𝑡) |𝜋𝑗 (𝑡)

)
1 < 𝑗 < 𝑛, 1 < 𝑘 < 𝑚 (5)

𝜋𝑖 = 𝑃 (𝜋 (1) = 𝜋𝑖 (1)) , 1 < 𝑖 < 𝑛 (6)

Where in Equation (4), 𝑎𝑖𝑗 is the transition probability from the
current hidden state, 𝜋𝑖(𝑡), to the next hidden state, 𝜋𝑗(𝑡 + 1). In
Equation (5), 𝑏𝑗𝑘 is the probability of generating the observable
state, 𝑣𝑘(𝑡) from the hidden state, 𝜋𝑗(𝑡) and in Equation (6), the
probability of starting the model with a hidden state of 𝜋(1), is
equal to 𝜋𝑖 .

2.2 Optimization of HMMWith PSO

For optimizing the HMM with PSO, transition probabilities are
considered as the particles in the PSO algorithm. For a more
detailed description of the particle structure, the model used for
HMM is illustrated in Figure 3.

As seen in Figure 3, the HMM has 28 hidden states and each
hidden state can emit 10 observable states. The reason for using 28
hidden modes is that the number of microstrip lines that should
be optimized in the structure of PA is 14 and each microstrip has
two parameters of width and length, hence, the total number
of widths and lengths of microstrip lines for optimizing are
28 [19]. Also, as shown in Figure 3, each hidden state can
emit 10 observable states and the values of these 10 observable
states are obtained from the load-pull simulation and an initial
tuning for achieving the maximum efficiency. Based on Figure 3,
the transition matrix and emission matrix can be obtained by
Equations (7) and (8), respectively [19].
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⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
28×28

(7)

𝐵 =

⎡⎢⎢⎢⎢⎣

𝑏1,1 . . 𝑏1,10

.

.

𝑏28,1 . . 𝑏28,10

⎤⎥⎥⎥⎥⎦
28×10

(8)

As seen in Equation (7), the values of transitionmatrix A are fixed
and supposing that the algorithm starts at the hidden state of𝜋(1),
the initial matrix can be stated as follows:

𝜋 = [1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0] (9)

In the HMM training with the PSO algorithm, particles are
emission matrices that are produced at the beginning of the PSO
algorithm [18]. In this case, the values of the transitionmatrix and
initial matrix, as shown in Equation (7) and (8), respectively, are
fixed. In other words, for training the HMM, the PSO algorithm
should optimize only the emission matrix. Equation (10) shows
the formation of a particle structure from the emission matrix B:

𝐵 =
⎡⎢⎢⎢⎣

𝑏1,1 . . 𝑏1,10
.

.

𝑏28,1 . . 𝑏28,10

⎤⎥⎥⎥⎦
28×10

⟶ 𝑃 = (b1,1, b1,2, b1,3, b1,4, b1,5, … , b28,8, b28,9, b28,10 (10)

As seen in Equation (10), each particle has 280 dimensions in the
search space. To validate the emission matrix of B, the condition
that the sum of the probabilities of each row must be checked
in each iteration of the PSO algorithm. Equation (11) shows this
condition:

10∑
𝑘=1

𝑏𝑓𝑘 = 1, 1 < 𝑓 < 28 (11)

After determining the structure of each particle, the fitness
function of the PSO algorithm is defined. To obtain the fitness
function, the concept of maximum likelihood is employed.
Equation (12) determines the fitness function:

𝐹 = 𝑃 (𝑆|𝜆) (12)
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FIGURE 1 Schematics of the proposed PA for modelling by HMM trained with PSO.

FIGURE 2 A simple structure of HMM.

Where in Equation (12), λ= (A,B,π) describes the proposedHMM
and 𝐹 is the maximum posterior probability of generating the
sequence 𝑆 by 𝜆 [17]. It should be noted that to obtain λ, the
emission matrix of B is extracted from the particle P, while the
matrices of A and π are fixed, as mentioned in Equation (7) and
(9). The PSO algorithm is run to train the HMM and terminated
when the obtained error is below a threshold value or the
maximum number of iterations is reached.

3 Results and Discussion

In the proposed PA structure shown in Figure 1, a 10 W GaN
HEMT with part number CG2H40010F from Cree Corporation
is utilized. The supply voltage of the drain is 28 V and the drain
current is 100mA. ForHMMmodelling and trainingwith the PSO
algorithm, MATLAB is used which is linked with ADS software
for implementation of the harmonic balance simulations of the
PA [20, 21]. Rogers 4003 with a thickness of 32 mils and 𝜀𝑟= 3.55
is used as the substrate of the PA. Because the primary goal of
designing PA is to achievemaximum efficiency, the deep AB class
is chosen for biasing PA. Figure 4 shows the Mu factor of PA.

FIGURE 3 The model of HMM used for training with PSO.

FIGURE 4 The Mu factor of PA.

As seen in Figure 4, the values of the Mu factor are greater in the
frequency range of 1 to 10 GHz and so the stability is guaranteed
over the bandwidth of PA. Tables 1 and 2 show the optimized
values of the microstrip lines obtained from the HMM model
trained by the PSO algorithm.

Figures 5 and 6 Show S11 and S22 of the PA, respectively. As shown,
S11 and S22 are lower than −10 dB in the range of 2.5 to 3 GHz,

4 of 7 The Journal of Engineering, 2025
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TABLE 1 Optimized values of 7 microstrip lines in the input matching network obtained from the HMMmodel trained by the PSO algorithm (All
values are in millimetres).

Wi(1–7) 2.8 2.9 2 1.5 8.73 0.8 13 10 7.27 14.5 5.8 8.6 4.3 3.1

Li(1–7) 1.6 3.4 14 13.89 6.39 1.2 8 14.63 7.43 2 3.5 4.5 2.6 5.6

TABLE 2 Optimized values of 7 microstrip lines in the output matching obtained from the HMMmodel trained by the PSO algorithm (All values
are in millimetres).

Wo(1–7) 6.9 4.4 1.9 3.5 4.1 1.5 4.3 3.6 5.2 8.2 6.5 5.3 2.8 4

Lo(1–7) 3.4 5.3 2.3 2.6 2.8 2.8 5.2 4.2 4.3 4.5 5.6 3.7 5.2 3.2

FIGURE 5 S11 of the proposed PA versus frequency.

FIGURE 6 S22 of the proposed PA versus frequency.

indicating that the results of the input and output matching
networks are in good agreement.

In Figure 7, PAE, gain, and Pout are shown together versus
frequency at Pin of 24 dBm. Carefully in the results shown in
Figure 7, these points can be obtained:

FIGURE 7 PAE, Pout, and Gain versus frequency at Pin of 24 dBm.

FIGURE 8 PAE, Pout, and Gain versus Pin at the frequency of
2.75 GHz.

A. The PAE of the proposed PA is above 43% in the whole
bandwidth range. Also, PAE is above 50% in the frequency
range of 2.8 to 3 GHz.

B. TheGain parameter is above 14.15 dB in thewhole bandwidth
range and is above 14.7 dB in the frequency range of 2.8 to
3 GHz. Additionally, the parameter of Pout is above 38.1 and
39.2 dBm in the frequency range of 2.5 to 3 GHz and 2.8 to
3 GHz, respectively.

Figure 8 shows the PAE, Gain, and Pout of the proposed PA versus
input power at the frequency of 2.75 GHz. As shown in Figure 8,

5 of 7
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FIGURE 9 P_Fund and P_Third of proposed PA versus Pin at the
frequency of 2.75 GHz.

in the saturation region, where the Pin is between 25 and 30 dBm,
the PAE exceeds 50% and reaches a maximum of 52% at a Pin
of 28 dBm. Also in the saturation region, the average of Pout is
40 dBm and the maximum value of gain is 14.2 dB at the Pin
of 25 dBm. Fundamental power (P_Fund) and Third harmonic
power (P_Third) versus Pin at the frequency of 2.75 GHz, are
shown in Figure 9. As shown in Figure 9, in the Pin of 24 dBm
P_Fund and P_Third reach up to 38.5 and 9.3 dBm, respectively.

Table 3 provides a concise comparison of the performance
between the proposed PA and several previously published S-
band PAs. As illustrated in Table 3, the proposed PA generally
outperforms most other works, demonstrating improvements in
PA performance, gain, and output power.

4 Conclusion

This paper presents the design of a PA using HMM optimized via
the PSO algorithm for wireless application. The structure of PA
was modelled by HMM that consisted of 28 hidden states and
each hidden state can emit 10 observable states. The emission
matrix was trained and optimized with the PSO algorithm. The
cost function of the optimization algorithm was based on the
maximum likelihood concept, which specified the maximum
posterior probability of generating the sequence of widths and
lengths of the proposed PA by the HMM. After modelling and
optimizing theHMMwith the final optimum values ofmicrostrip
lines and a nonlinear model of the PA, harmonic balance
simulations were applied to the optimized structure of the PA.
The simulation results show that the proposed PA could achieve
a high PAE, Gain, and output power over the frequency range of
the bandwidth.
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